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Abstract 
Fundamental process models are important for the development of the absorption-desorption process used to capture CO2. Such a 
model has been developed for the absorption column, based on first principles, taking the mass transfer kinetics approach rather 
than equilibrium stages. It provides a good theoretical platform even if empirical correlations must be resorted to for estimation 
of some data. The programmed model is primarily a research tool that allows testing of new ideas. The ability to study any 
process trait at will is an advantage over the usual commercial tools available. It is demonstrated how the program may be used to 
carry out sensitivity analysis with respect to selected parameters where CO2 recovery is targeted. Some parameters are shown to 
be important and others to have little impact.  
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1. Introduction 
     Column models in various forms have been programmed since the event of computers. Traditionally they have 
been based on equilibrium stages. In later years rate based models have also been available even commercially. 
They have been expensive to obtain, and any pre-made model will necessarily be limited with respect to what 
options are available and what systems they are capable of analysing. Absorption of CO2 into alkanolamines is a rate 
based system where analysis by equilibrium stages is inadequate although it is still a useful exercise if stage 
efficiencies are properly used. The present work has been made with a tailor made counter-current column model. 
The advantage is the flexibility whereas the drawback is the extra work needed, although this may be less than 
imagined. Figure 1 shows a typical absorption-desorption process. A base case has been defined where the total inlet 
gas flow to the absorber is 80000 kmol/hr containing 4 mol% CO2. This corresponds to the flue gas from a gas fired 
power plant of about 400 MW. The amount of CO2 in the inlet gas to the absorber is thus about 1.2 million 
tonnes/year.  
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Figure 1    An absorption-desorption process. Model covers the packed sections indicated in blue and red. 
2. The mathematical model 
     Fortran 77 program SORBER™ simulates counter-current plug flow in the absorber and in the desorber. Only 
the absorber has been simulated in this article. The model is rate based, which means that the local mass transfer rate 
for a component depends on both local kinetics and the local “driving force”. The driving force is defined as the 
difference between the local concentration of the component in the gas phase and its corresponding local 
equilibrium concentration in the liquid. The latter depends on liquid temperature, solvents used and the CO2 loading 
in the solvents, which is the number of moles of bounded CO2 per mol of initial solvents.  Monoethanolamine 
(MEA) in water is the only solvent used in the presented simulations.  However, the program can also handle 
methyldiethanolamine (MDEA) and any combination of MEA and MDEA. For a MEA/H2O solution the main 
chemical reaction in the liquid phase can be written 
 
2 2CO MEA MEACOO MEA
        (1) 
 
 where MEACOO- is carbamate. The main input to the simulations are inner diameter of column, packing height, 
packing parameters, inlet gas composition, inlet gas and liquid flow rates, type of solvents and their weight percents, 
loading at liquid inlet (lean loading), type of equilibrium model and inlet gas and inlet liquid temperature. 
      The most important output is the removal efficiency of the absorber for the given input, the CO2 concentration 
profile through the column, the CO2 loading profile, the driving force profile and the temperature profile for both 
gas and liquid. 
      The mass and energy balances for the gas and the liquid flow are formulated as a system of time dependent, one-
dimensional partial differential equations. The axial position z is chosen to be positive in the direction of the liquid 
flow, that is, top down.  After the spatial derivatives have been discretized to the desired order of accuracy, the 
partial differential equations are formulated as a set of time-dependent ordinary differential equations.  When the 
initial and boundary conditions have been specified, the differential equations are solved using the method of lines. 
SORBER™ is founded on the principles of modular programming, implying that changes are easy to implement. 
      Both random and structured packings have been modelled. In the presented simulations only the well known 
model of Onda et al. [1] has been used for calculating the mass transfer between gas and liquid in a random packed 
column. Reaction kinetics of Versteeg & van Swaaij [2] were used to estimate enhancement factors. Heat transfer 
between gas and liquid has been be analysed using the Chilton - Colburn analogy [3]. This is useful since there are 
more correlations for mass transfer than for heat transfer in packed columns. 
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      Absorption equilibria may in principle be analysed by a variety of models, but the two operational ones in 
SORBER™ at the moment are those of Kent & Eisenberg [4] and Li & Mather [5]. It has been more difficult than 
expected to reproduce published equilibrium models. Authors tend to fit models to data ranges from extremely low 
loadings to extremely high loadings, sometimes into the physical absorption regime. Although this is a very 
commendable form, from a theoretical point of view, it means that the models are less accurate in the region of 
interest for exhaust gas CO2 capture.  
      Once the models are programmed, it is relatively easy to fit coefficients tailored to the region of interest. The 
older Kent & Eisenberg model [4] is perfectly adequate for this, even if it is less satisfactory to use from a 
theoretical standpoint. The simulations presented in this article are based on the Li & Mather [5] equilibrium model 
using the published coefficients. Temperature dependent physical properties have been programmed for many of the 
physical properties. 
 
3. Case Studies 
 
     The 13 case studies presented are all based on the mass transfer coefficient correlation reported by Onda [1], 
valid for random packing. In addition, the Onda model [1] calculates the effective, specific mass transfer area with 
dimension m2/m3. A base case has been defined with input as shown in Table 1. It corresponds to approximately  
1.2 million tonnes/year of CO2 from a 400 MW gas fired power plant. Table 1 also shows the fixed and varied 
parameters in the simulations. 
 
Table 1   Fixed and varied main input parameters in the simulations and the base case value. 
 
Input parameter Base case value 
Total inlet gas flow (kmol/hr)                (fixed) 80000  
CO2 content in inlet gas (mol%)            (fixed) 4 
Packing material (metal Pall ring 2”)    (fixed) 2”  
Weight percent MEA  (w%)                  (fixed) 30 
Equilibrium model                                 (fixed) Li & Mather  
Inlet liquid flow (m3/hr)                         (varied) 2200 
Height of packing  (m)                           (varied) 30 
Inner diameter of column  (m)               (varied) 16 
Inlet liquid temperature (°C)                  (varied) 40 
Inlet gas temperature (°C)                      (varied) 45 
Lean loading (mol CO2/mol MEA)        (varied) 0.20 
 
    A symmetric variation around the base case value has been done for 6 selected input parameters, as shown in 
Table 2. All possible combinations of these 6 parameters would require 63 = 729 simulations. Hence, only the 
reduced input matrix in Table 2 has been selected, where only one input parameter has been changed at a time. This 
gives a total of 13 cases. The parameter shown in bold in Table 2 is the varied parameter in the current case. Case 1 
is the base case. 
      A 4-plot of the base case is shown in Figure 2. The z-axis is the axial position with liquid inlet at z = 0 m at and 
gas inlet at z = 30 m. In the upper left corner is plotted the gas and liquid temperature profile through the packed 
section of column. Notice that the program differentiates between gas and liquid phase temperatures. In the lower 
left corner the corresponding CO2 mole fraction profile in the gas is shown. The CO2 loading profile in the MEA 
/H2O solution is plotted in the upper right corner. In the lower right corner the “driving force” profile is shown, 
which is the difference between the two curves in the graph at a given axial position. The upper curve is the so-
called operating line, and the lower curve is the equilibrium line. 
      It was observed that the Onda model [1] estimates gas-liquid contact areas in the order of 50 % of the nominal 
packing surface area. When the nominal packing surface area 102 m2/m3 (metal Pall ring 2”) was used throughout 
the column, instead of the Onda model, the height of packing was reduced from 30 m to 18 m in the base case, with 
a CO2 removal efficiency of 85.9 mol%. However, the sensitivity analyses were done using the Onda model. The 
trend in the presented sensitivity analyses are not much affected by this choice, only the calculated CO2 removal 
efficiency.                                                                                                                                                                                          
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Table 2   Input parameters varied in the simulations and calculated CO2 removal efficiency. 
 
Case no. Inlet liquid 
flow 
(m3/hr) 
Height of 
packing 
(m) 
Diameter 
of packing 
(m) 
Inlet liquid 
temperature 
(°C) 
Inlet gas 
temperature 
(°C) 
Lean loading 
(mol/mol) 
CO2 removal 
efficiency 
(mol%) 
1 2200 30 16 40 45 0.20 85.6 
2 1870 30 16 40 45 0.20 79.6 
3 2530 30 16 40 45 0.20 88.4 
4 2200 22.5 16 40 45 0.20 79.9 
5 2200 37.5 16 40 45 0.20 88.9 
6 2200 30 12 40 45 0.20 76.8 
7 2200 30 20 40 45 0.20 90.2 
8 2200 30 16 30 45 0.20 84.5 
9 2200 30 16 50 45 0.20 86.6 
10 2200 30 16 40 35 0.20 85.9 
11 2200 30 16 40 55 0.20 85.2 
12 2200 30 16 40 45 0.16 89.9 
13 2200 30 16 40 45 0.24 78.4 
 
0 5 10 15 20 25 30
40
42
44
46
48
50
52
54
56
58
Axial position (m)
Te
m
pe
ra
tu
re
 (C
)
Steady-state temperature along the absorber
 
 
Liquid temperature (C)
Gas temperature (C)
0 5 10 15 20 25 30
0.2
0.25
0.3
0.35
0.4
0.45
Axial position (m)
C
O
2 
lo
ad
in
g 
in
 th
e 
liq
ui
d 
(-)
Steady-state CO2 loading along the absorber
 
 
CO2 loading in the liquid (-)
0 5 10 15 20 25 30
0.005
0.01
0.015
0.02
0.025
0.03
0.035
0.04
Axial position (m)
M
ol
e 
fra
ct
io
n 
of
 C
O 2
 (-
)
Steady-state CO2 concentration along the absorber
 
 
Mole fraction of CO2
0 5 10 15 20 25 30
0
0.5
1
1.5
2
2.5
3
3.5
4
Axial position (m)
p*
C
O
2 
an
d 
pC
O
2 
(k
P
a)
Steady-state drift and equilibrium curve along the absorber
 
 
pCO2
p*CO2
 
Figure 2   A 4-plot of Case 1, the base case. CO2 removal efficiency is 85.6 % for this case. 
 
      As shown in Figure 2 there is good heat transfer between gas and liquid. The shape of the temperature profile is 
also observed in real life absorbers. The maximum temperature is approximately 58°C in Figure 2. The 
characteristic bulb is a result of the exothermic reactions and cooling at each end, by gas and liquid feeds 
respectively.  
4 mol% CO2 gas enters the bottom of the column at z = 30 m and leaves at z = 0 m with approximately 0.6 mol%. 
The CO2-loading increases from a lean loading of 0.2 to approximately a rich loading of 0.45, with a removal 
efficiency of 85.6 mol% for the base case. 
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4. Sensitivity analysis 
 
      The sensitivity analysis on CO2 removal is based on variations of the input parameters in Table 2. Figure 3 
shows how the CO2 removal efficiency varies with inlet liquid flow rate for a constant inlet gas flow rate.  
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Figure 3   Sensitivity of CO2 removal efficiency on changes in inlet liquid flow. 
 
    Figure 4 shows the sensitivity of CO2 removal efficiency on changes in height of packing. 
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Figure 4   Sensitivity of CO2 removal efficiency on changes in height of packing. 
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    Figure 5 shows the sensitivity of CO2 removal efficiency on changes in inner diameter of column. 
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Figure 5   Sensitivity of CO2 removal efficiency on changes in inner diameter of column. 
 
     Figure 6 shows the sensitivity of CO2 removal efficiency on changes in inlet liquid temperature. Little sensitivity 
is observed with respect to this parameter. 
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Figure 6   Sensitivity of CO2 removal efficiency on changes in inlet liquid temperature. 
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     Figure 7 shows the sensitivity of CO2 removal efficiency on changes in inlet gas temperature. Like the liquid feed 
temperature the inlet gas temperature has low impact on CO2 removal. 
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Figure 7   Sensitivity of CO2 removal efficiency on changes in inlet gas temperature. 
 
    Figure 8 shows the sensitivity of CO2 removal efficiency on changes in inlet loading. 
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Figure 8   Sensitivity of CO2 removal efficiency on changes in inlet (lean) loading. 
 
 
 
 
J.A. Svendsen, D. Eimer / Energy Procedia 4 (2011) 1419–1426 1425
8 J. A. Svendsen and D. Eimer/ Energy Procedia 00 (2010) 000–000 
5. Discussion and conclusions 
 
      The simulations of absorption presented in this article are sensitivity analyses of some process parameters on the 
CO2 removal efficiency. The parameters varied are: inlet liquid flow, height of packing, inner diameter of column, 
inlet liquid temperature, inlet gas temperature and inlet loading (lean loading).  
     The equilibrium model used is that of Li & Mather [5], and the mass transfer model used is that of Onda [1].  
Chilton-Colburn analogy [3] was used for calculating heat transfer between gas and liquid. 
     The simulations show that the CO2 removal efficiency increases with increasing inlet liquid flow, height of 
packing, inner diameter of column and inlet liquid temperature. When inlet gas temperature or inlet loading is 
increased the CO2 removal efficiency decreases. 
     The calculated height of packing is high in view of other information available on column height [6]. It is 
observed that the model, due to Onda et al [1], estimates gas-liquid contact areas in the order of 50 % of the nominal 
packing surface area. Since this model dates from before 1970, it does not take into account the last 40 years of 
development in column packings. However, since the model is well known we chose to show the effect of using the 
Onda model. The sensitivity trends presented are not much affected by this choice. 
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